In the methylotrophic yeast Pichia pastoris (P. pastoris), the efficient promoter of alcohol oxidase (P Aox1 ) is induced by methanol and repressed by glycerol, but the molecular mechanism is not clear. In this study, the relationship between alcohol oxidase 1 (aox1), methanol expression regulator 1 (mxr1) and glycerol transporter 1 (gt1) was studied. By RT-PCR, it was found that the overexpression of gt1 could increase the glycerol content in cells and repress the expression of mxr1 and aox1, and the deletion of gt1 reduced the glycerol content in cells and promoted the expression of aox1. The overexpression of mxr1 could repress the expression of gt1, and the deletion of mxr1 could promote the expression of gt1 to some extent. By EMSA, Mxr1 binding sites were found in the promoter of gt1 (P Gt1 ) CCCC), and Mxr1 could regulate the expression of gt1 by binding to P Gt1 . The relationships among aox1, mxr1 and gt1 revealed here provide a reference for the understanding of the mechanism of glycerol repression of P Aox1 .
INTRODUCTION
Owing to the strong promoter of alcohol oxidase (P Aox1 ) and other advantages, e.g. high-density fermentation, the methylotrophic yeast Pichia pastoris has become a successful model organism in the heterologous expression of proteins (Gellissen 2000) . In general, P Aox1 is tightly regulated by methanol and inhibited in a non-fermentable medium such as one containing glycerol and glucose (Couderc and Baratti 1980) . However, the reason for this regulation is not clear.
The first transcription factor (TF) involved in P Aox1 regulation in P. pastoris was identified by Lin-Cereghino et al. (2006) , and was named methanol expression regulator 1 (Mxr1) (GI:254573625). Mxr1 has been shown to be critical in the regulator of some genes involved in methanol utilization and in other regulatory systems, e.g. acetate metabolism (LinCereghino et al. 2006; Sahu and Rangarajan 2016) . It has been confirmed that deletion of mxr1 could result in the abolition of growth on peroxisomal substrates such as methanol and oleate (Lin-Cereghino et al. 2006; Parua et al. 2012) . Moreover, compared with wild-type, the expression level of target genes in mxr1 mutants was very low even in methanol medium (Lin-Cereghino et al. 2006) . Mxr1 was found to show similarities to the zinc finger DNA-binding domain and other motifs of Saccharomyces cerevisiae Adr1p, a TF involved in regulation of glucose-repressed genes needed for growth on non-fermentable carbon sources (Schuller 2003; Lin-Cereghino et al. 2006; Wang et al. 2016) . The binding site of Mxr1 on P Aox1 was evaluated by investigating a putative regulatory region identified in deletion studies (Kranthi et al. 2009 ). Based on analysis of the Aox1 promoter sequence, a consensus sequence for Mxr1 binding consisting of a 5 -CYCC-3 motif was identified (Kranthi et al. 2009; Kranthi, Kumar and Rangarajan 2010) . When the core CYCC sequence was mutated to CYCA, CYCT or CYCM (M = 5-methycytosine), Mxr1 binding was abolished (Lin-Cereghino et al. 2006 ). Both glycerol transporter 1 (Gt1) and Mxr1 participate in glycerol-dependent repression of P Aox1 . Thus, there may be some relationship among Mxr1, Aox1 and Gt1. In our previous study (Zhan et al. 2016) , it was demonstrated that Aox1 was constitutively expressed in a gt1 mutant of P. pastoris in glycerol and glycerol plus methanol medium. In the present study, to investigate the relationship between Mxr1 and the promoter of Gt1, an electrophoretic mobility shift assay (EMSA) was used. It was found that binding sites for Mxr1 are present on P Gt1 . Moreover, using mutants gt1, mxr1 and related strains, the relationship among Aox1, Mxr1 and Gt1 was studied. The results showed that the expression of gt1 was regulated by Mxr1 through binding to P Gt1 . Moreover, overexpression of Gt1 could repress the expression of mxr1 and aox1 by increasing the intracellular glycerol in cells. g biotin, 5 mL methanol), or BMGMY medium (BMGY plus 0.5% methanol). As carbon sources, 1% glycerol, 0.5% methanol, or 1% glycerol plus 0.5% methanol was added throughout the study. Escherichia coli strains DH5α and Trans110 (TransGen) were used as hosts for plasmid construction and were grown at 37
MATERIALS AND METHODS

Medium, strains and microbial techniques
• C in Luria-Bertani (LB) medium (0.5% yeast extract, 1% tryptone, 1% NaCl). To produce solid medium, 2% powdered agar was added. Pichia pastoris was transformed by electroporation. Transformation and other standard recombinant DNA operations used in this study for E. coli were performed as described previously (Zhan et al. 2016) .
Ampicillin or kanamycin was added to LB medium at final concentrations of 50 μg/mL; G418 and zeocin were added to YPD medium at final concentrations of 0.3 mg/mL and 0.1 mg/mL, respectively.
Plasmid and strain construction
Plasmids were generated by standard techniques. The strains, primers and plasmids used in this study are listed in Tables 1, 2 and 3, respectively. mxr1 strain A P. pastoris strain with the mxr1 gene deleted was constructed by the homologous recombination method using the G418 resistance gene kan as a marker. First, the upstream region of the mxr1 gene was amplified by polymerase chain reaction (PCR) with Pfu DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA) using genomic DNA of P. pastoris as the template. The primers for this PCR, mxr1s-1 and mxr1s-2, carried restriction sites for SphI and BamHI, respectively. The 0.6-kb PCR-amplified fragment was inserted into SphI/BamHI-digested plasmid pMD TM 19-T (Takara), yielding pMXR1UP. The downstream region of the mxr1 gene was amplified with primers mxr1x-1 and mxr1x-2, carrying restriction sites for KpnI and EcoRI, respectively, yielding a 0.5-kb PCR fragment, which was inserted into pMD19-T yielding pMXR1Down. Next, the G418 resistance gene sequence with its own promoter and terminator (1556 bp) was amplified by PCR using the plasmid pFA6a-KanMX6 as the template with primers kan-1 and kan-2, which included restriction sites for BamHI and KpnI, respectively, and the fragment was cloned into SphI/BamHI-digested vector pMXR1UP to construct a vector called pMXR1UP-Kan. This plasmid was digested with KpnI/EcoRI to generate a 2.2-kb fragment, which was then inserted into KpnI/EcoRI-digested pMXR1Down, yielding a P. pastoris mxr1 deletion vector, pMD19-T-MXR1-del. The deletion cassette was released from pMD19-T-MXR1-del as a 2.7-kb EcoRI/SphI-digested fragment and transformed by electroporation into wild-type P. pastoris (strain X-33). G418-resistant Table 2 . Primers used in this study.
Primer Sequence mxrs-1 5 -GG GCATGC CCGGTAGGTCAAATTAATCCTGGTC-3 mxrs-2 5 -GG CATATG CAATGAATTCTACATCGCAGGCAAG-3 mxrx-1 5 -GG GGTACC TAAAGAAGGACTCAGTGTTGCCCAA-3 mxrx-2 5 -GG GAATTC ATCTTAAGTTTCGGAGTCAAATGCC-3 kan-1 5 -GGCATATG GGATCCCCGGGTTAATTAAGGCGCGC-3 kan-2 5 -GGGGTACCGAGCTCGTTTAAACTGGATGGCGGCG-3 mxr1-1 5 -CCCACGTG ATGAGCAATCTACCCCCAACTTTTGGT-3 mxr1-2 5 -CCGGTACC CTAGACACCACCATCTAGTCGGTTTTC-3 
Mxr1 overexpression strains
The mxr1 gene (3.5 kb) was amplified by PCR using genomic DNA as the template and primers mxr1-1 and mxr1-2. The fragment was ligated into vector pMD TM 19-T (Takara) and sequenced.
Then the recombinant plasmid and vector pGAPZ B (Invitrogen) were digested with PmlI/XhoI, and the mxr1 fragment was inserted into pGAPZ B to yield pGM. Finally, pGM was digested with AvrII, and transferred into a P. pastoris X-33 mxr1 mutant and P. pastoris X-33 wild-type by electrotransformation, yielding Mxr1 overexpression strains mxr1-mxr1 and mxr1-wt respectively.
Gt1 overexpression strain
The Gt1-overexpression plasmid was constructed as follows: gt1 was amplified by PCR with Pfu DNA polymerase using genomic DNA of P. pastoris as the template. The primers for this PCR, gt1-F and gt1-R, carried restriction sites for PmlI and XhoI, respectively. The 1.6-kb PCR-amplified fragment was inserted into PmlI/XhoI-digested pGAPZ B, and then this vector was transformed into P. pastoris wild-type and gt1 strains, respectively, yielding the Gt1 overexpression strains gt1-mxr1 and gt1-wt respectively.
Cell extract preparation, SDS-PAGE, enzyme assays and western blotting
To prepare cell total protein, cells were cultured in YPD medium for 16 h and then transferred into 2× YPD for 6 h, after which 20 to 30 OD 600 units of cells were harvested by centrifugation at 4000 g for 5 min. Cells were washed twice with ice-cold 50 mM potassium phosphate buffer (pH 7.0), and 200 μL ice-cold PEBF (0.7882% (w/v) Tris-HCl, 0.0585% (w/v) EDTA, 100 mM phenylmethylsulfonyl fluoride (PMSF) 2 μL) was added. The cell suspension was mixed with picking glass beads, put in an oscillator for 30 s (10 cycles of the 30s with the tubes on ice), and the cells were centrifuged at 12 000 g for 1 min and the resulting supernatant was prepared for SDS-PAGE. Alcohol oxidase activity was assayed using peroxidase and o-phenylenediamine (OPD) as described previously (Verduyn, van Dijken and Scheffers 1984) . One unit of alcohol oxidase activity equated to the formation of 1 μmol of product/min/mg of protein at 30
• C. Samples omitted from methanol were run as blanks.
Real-time PCR
Different strains were cultured in YPD medium to OD 600 = 2.0. The strains were collected at 3000 rpm for 3 min, washed in PBS (pH 7.2) at 3000 rpm for 3 min, and the cells were inoculated into different media at an initial OD 600 = 0.05. After cells were cultured for 8, 16, 20 and 32 h, they were collected for RT-PCR. Total RNAs were extracted by the standard protocol for the RT-PCR Kit (Takara). The initial mixture contained 5× gDNA Eraser buffer 2.0 μL, gDNA Eraser 1.0 μL, total RNA (500 ng) 1.0 μL, and RNase-free dH 2 O 6.0 μL, which was incubated at 42
• C for 2 min. 
Enzyme activity of AOX1 in different strains cultured in different media
Different strains were cultured in YPD medium to OD 600 = 2.0. The strains were collected at 3000 rpm for 3 min, washed in PBS (pH 7.2) at 3000 rpm for 3 min, and the cells were inoculated into different media at the initial OD 600 = 0.05. After cells were cultured for 8, 16, 20 and 32 h, they were collected for enzyme activity determination (Zhan et al. 2016) .
Preparation of recombinant Mxr1
The DNA encoding the N-terminal 150 amino acids of Mxr1 was amplified by PCR from P. pastoris genomic DNA using the primers Mxr1-CF and Mxr1-CR, and cloned into the NdeI and BamHI sites of pBY (our lab). The recombinant plasmid was transformed into E. coli BL21 (DE3) cells and cultured at 37
• C until an OD 600 of 0.6 was reached. Expression of the recombinant protein was induced for 6 h by the addition of 1.0 mM isopropyl-1-thio-β-D-galactopyranoside. Cells were harvested and suspended in buffer A (50 mM NaH 2 PO 4 and 300 mM NaCl), lysed by sonication, and the lysate was centrifuged at 10 000 g at 4
• C for 10 min. The clear supernatant was loaded onto a Ni 2+ -agarose column equilibrated with buffer A. The column was washed with buffer A containing 50 mM imidazole and then the recombinant protein was eluted with buffer A containing 250 mM imidazole. The eluent fractions containing polyhistidine-tagged recombinant Mxr1 were pooled, dialyzed against buffer A and stored at −80 • C. 
EMSA experiment
Determination of glycerol content in different strains
Cells were collected by centrifugation at 10 000 g for 4 min, then resuspended in ddH 2 O. Then, 1-2 × 10 6 cells were removed and centrifuged at 10 000 g for 4 min, the supernatant was discarded, and the cells were resuspended in 40 μL lysis buffer (50 mM potassium phosphate buffer (pH 7.0), 1 mM PMSF) for 15 min, centrifuged at 10 000 g for 4 min. Then the liquid supernatant was heated at 70
• C for 10 min, centrifuged at 10 000 g for 4 min, and the supernatant used in the determination of glycerol content. A standard curve was constructed and measurements were made as per the instructions of the Determination of Glycerol by Enzyme Kit (Applygen Technologies Inc., E1012). The OD was measured at 550 nm.
RESULTS
Expression of gt1, mxr1 and aox1 in different strains cultured in different media
To study the relationships among Gt1, Mxr1 and Aox1, different strains such as gt1, mxr1, Mxr1 overexpression strains (mxr1-wt and mxr1-mxr1), and Gt1 overexpression strains (gt1-wt and gt1-gt1) were constructed. The expression of different genes in different strains cultured in different media was determined by qRT-PCR, and the results are shown in Fig. 1 .
Gt1 represses aox1 and Mxr1 promotes aox1
As Fig. 1a shows, in glycerol medium, compared with wild-type P. pastoris, the expression of aox1 increased in the gt1 strain (A1) and the expression of aox1 decreased in the Gt1 overexpression strains (E1, G1). The expression of aox1 was similar to that in the wild-type in the mxr1 strain (B1) and Mxr1 overexpression strains (D1, F1). In glycerol plus methanol medium, the expression of aox1 increased in the gt1 strain (A2) and Mxr1 overexpression strains (D2, F2), and the expression of aox1 decreased in the mxr1 strain (B2) and Gt1 overexpression strains (E2, G2). In methanol medium, the expression of aox1 increased in the Mxr1 overexpression strains (D3, F3) and decreased in the mxr1 strain (B3) relative to the wild-type, and the expression of aox1 was similar in the wild-type to that in the gt1 strain (A3) and the Gt1 overexpression strains (E3, G3). These results indicate that Gt1 repressed the expression of aox1 in the presence of glycerol and Mxr1 promoted the expression of aox1.
Mxr1 represses gt1
As Fig. 1b shows, in glycerol and glycerol plus methanol medium, compared with wild-type P. pastoris, the expression A: gt1 strain; B: mxr1 strain; C: wild-type; D: mxr1-wild-type; E: gt1-wild-type; F: mxr1-mxr1 strain; G: gt1-gt1 strain. 1: BMGY medium; 2: BMGMY medium; 3: BMMY medium. The relative transcript level of aox1 is higher in the gt1 strain (a: A1, A2) and mxr1 overexpression strains (a: D2, F2, D3, F3). The relative transcript level of gt1 is lower in the mxr1 overexpression strains (b: D2, F2). The relative transcript level of mxr1 is lower in the gt1 overexpression strains (c: E1, E2, G1, G2).
of gt1 was obviously increased in the mxr1 strain (B1, B2), but there was no notable decrease in the mxr1 overexpression strains (D1, F1). Gt1 decreased in the mxr1 overexpression strains, which is more significant in glycerol plus methanol (D2, F2) than in glycerol medium (D1, F1). In methanol medium, compared with the wild-type, the expression of gt1 in the mxr1 strain (B3) was increased, but it was the same as that in the Mxr1 overexpression strains (D3, F3) . These results indicated that mxr1 may repress the expression of gt1.
Gt1 repressed mxr1 in the presence of glycerol
According to the data in Fig. 1c , in glycerol and glycerol plus methanol medium, compared with the wild-type strain, the expression of mxr1 increased remarkably in gt1 strains (A1, A2) and decreased in the Gt1 overexpression strains (E1, E2, G1, G2). In methanol medium, the expression of mxr1 was similar in the gt1 strain (A3) and the Gt1 overexpression strains (E3, F3) . These results indicate that Gt1 repressed the expression of aox1 in the presence of glycerol.
Overall, Gt1 could repress the expression of mxr1 and Mxr1 could repress the expression of gt1 and promote the expression of aox1.
Expression of Aox1 and enzyme activity in different strains and media gt1 releases the repression by glycerol of aox1 to some extent Figure 2a shows that in glycerol medium, compared with wildtype P. pastoris (C1; 0.05 U/OD), the Aox1 enzyme activity in the gt1 strain (A1) was increased (0.34 U/OD). In glycerol plus methanol medium (Fig. 2b) , compared with wild-type (C2; 0.06 U/OD), the Aox1 enzyme activity was higher in the gt1 strain (A2; 0.14 U/OD) and Mxr1 overexpression strains (D2 and F2; 0.37 U/OD and 0.16 U/OD, respectively), and lower in the mxr1 strain (B2; 0.02 U/OD). In methanol medium (Fig. 2c) , compared with wild-type (C3; 0.40 U/OD), the Aox1 enzyme activity was higher in the gt1 strain (A3; 0.57 U/OD) and Mxr1 overexpression strains (D3 and F3; 1.15 U/OD and 0.83 U/OD, respectively), and decreased in the mxr1 strain (B3; 0.06 U/OD). The activity of Aox1 in the Gt1 overexpression strains (E3 and G3; 0.36 U/OD and 0.31 U/OD, respectively) was similar to that in the wild-type (0.40 U/OD).
According to Aox1 western blotting results in Fig. 3 , compared with the Gt1 overexpression and mxr1 strains, the expression of aox1 was higher in the gt1 strain and mxr1 overexpression strains. This western blotting result is consistent with the Aox1 enzyme activity in Fig. 2 .
These results showed that Gt1 could repress the expression of aox1 whereas Mxr1 could promote the expression of aox1. The mechanism of Mxr1 promotion of aox1 has been well studied (Kranthi et al. 2009) . In this paper, the mechanism of Gt1 repression of aox1 was studied.
Mxr1 binding to P Gt1
Mxr1 is a large protein of 1155 amino acids with an N-terminal zinc finger DNA binding domain. According to the result of homologous modeling (Fig. 4) , it was found that the 150 Nterminal amino acids of Mxr1 were the zinc finger domain, which is similar to the zinc finger domain of Adr1p in S. cerevisiae (Kranthi et al. 2009 ). According to some references (Ciriacy 1975; Denis et al. 1992; Lin-Cereghino et al. 2006) , mxr1 has the same function as adr1 in S. cerevisiae, and the structures Mxr1 and Adr1 share the same α-helix and β-pleated sheet (S1). The 150 N-terminal amino acids of Mxr1 were expressed in E. coli and purified as a histidine-tagged protein (Fig. 5) . The binding site of Mxr1 is CYCCNR, and from sequence alignment between P Aox1 and P Gt1 , four candidate binding sites were found in P Gt1 . To identify the Mxr1 binding site on P Gt1 , four different double-stranded oligonucleotides spanning regions of P Gt1 were synthesized (Fig. 6A) marked by biotin at the 5 -end, and their ability to bind with Mxr1 was examined by EMSA. The first (P Gt1 -wt1) and second (P Gt1 -wt2) double-stranded oligonucleotides generated complexes with Mxr1 ( Fig. 6a and b) , but the third (P Gt1 -wt3) and fourth (P Gt1 -wt4) double-stranded oligonucleotides did not ( Fig. 6c and d) . When the first binding site on the P Gt1 was mutant (P Gt1 -M1), there was still a complex (Fig. 6e) , but BMMY medium. The expression of aox1 was higher in the gt1 strain (A1, A2, A3) and mxr1 overexpression strains (D1, D2, D3) than that in Gt1 overexpression (E1, E2, E3) and mxr1 strains (B1, B2, B3). In different media, Aox1 was highest in BMMY medium. when the first and second binding sites were both mutant (P Gt1 -M2), there were no complexes (Fig. 6f) , so it could be inferred that Mxr1 could bind to the second candidate binding sites CCCC) .
Determination of glycerol content in different strains cultured in different media
To study why aox1 was constitutively expressed in strain gt1, the glycerol content was determined in different strains cultured in different media. In glycerol medium (Fig. 7a) and glycerol plus methanol medium (Fig. 7b) , the glycerol content in the gt1 mutant was lower than that in mxr1, gt-wt, mxr1-wt and wt. Compared with mxr1-wt, mxr1 and gt1, the content of glycerol in the gt1 overexpression strains (E1, E2) was higher. Compared with the wild-type (C1, C2), the glycerol content in the mxr1 overexpression strains (D1, D2) was lower. Based on our results this suggests that, as a glycerol transporter, Gt1 increases the glycerol content in cells and meanwhile represses the expression of aox1. Mxr1 overexpression reduces the glycerol content in glycerol plus methanol medium, but the content of glycerol in mxr1 was not significantly different from wt, which indicated some other genes or glycerol transporter participated in this reaction.
DISCUSSION
In our previous study (Zhan et al. 2016) , Gt1 was identified as a glycerol transporter, and it has been proven to play a role in the glycerol-dependent inhibition of P Aox1 . But how this glycerol transporter is involved in the inhibition pathway and the mechanism of glycerol inhibition were not clear.
In this study, the results showed that in glycerol and glycerol plus methanol media, the expression of mxr1 could increase the expression of aox1 and inhibit the expression of gt1. The reason is that Mxr1 could bind on the P Gt1 and inhibit the expression of GT1, which would reduce the content of glycerol in cells and relieve the repression of glycerol on P Aox1 , but the repression of Mxr1 on P Gt1 has some relationship to the content of glycerol in cells. In glycerol medium, the overexpression of Gt1 could also inhibit the expression of mxr1 and aox1, and the reason is that the overexpression of GT1 would increase the content of glycerol in cells and inhibit the expression of Mxr1 and Aox1.
Some researchers (Johnson et al. 1999; Lin-Cereghino et al. 2006) have found that Mxr1 plays a distinctly important role in the expression of aox1, for example, the expression of aox1 was repressed in an mxr1 mutant even in methanol medium (LinCereghino et al. 2006) . The binding of Mxr1 to P Aox1 was first evaluated by Lin-Cereghino et al. by investigation of a putative regulatory region identified in deletion studies (Lin-Cereghino et al. 2006) . EMSA results showed that Mxr1 could bind to P Aox1 ; the minimal Mxr1 binding site was identified by DNase I digestion as a fragment of approximately 20 bp containing 5 -CYCC/GGRG (Kranthi et al. 2009 ). In subsequent studies, an Mxr1 binding site was also identified in the promoters of dihydroxyacetone synthase and peroxin 8, both involved in the methanol utilization pathway and peroxisomal biogenesis (Johnson et al. 1999; Kranthi et al. 2009; Kranthi, Kumar and Rangarajan 2010) . The above results showed that Mxr1 is a key element in methanol metabolism. In this study, it was found that there were four candidates for Mxr1 binding sites on P Gt1 (Fig. 6A ), but EMSA experiments indicated that only the second of these was the true binding site. The reason why binding was not observed at the other putative sites, even though their sequences were similar to those of the second site, was not clear, but according to a related paper (Sahu and Rangarajan 2016) , the distance between binding sites would affect the function and moreover the nearby sequence of binding sites may play an important role in this reaction (LinCereghino et al. 2006; Kranthi et al. 2009; Sahu and Rangarajan 2016) .
According to the results of this paper, it was found that, compared with wild-type, deletion of mxr1 did not decrease the content of glycerol significantly (Fig. 7) , and the reason may be that there are other proteins regulating gt1. For example in S. cerevisiae and other yeast, 14-3-3 proteins are highly conserved and regulate signaling proteins involved in diverse cellular processes (Parua et al. 2012) . Adr1p has been identified as the S. cerevisiae homolog of P. pastoris Mxr1; sequence comparison showed that Mxr1 contains a conserved binding motif that is highly similar to that in Adr1p (Ciriacy 1975; Simon et al. 1991; Tachibana et al. 2005 ). 14-3-3 protein binding to Mxr1 did not affect DNA binding by Mxr1, indicating a post-DNA binding regulatory mechanism (e.g. possibly affecting the recruitment of RNA polymerase II). It has been identified that P. pastoris 14-3-3 protein (GenBank accession no. CCA38880) binding to Mxr1 and inhibition of the expression of Mxr1-regulated genes is carbon source dependent, so in medium containing glycerol, 14-3-3 protein or other proteins may relieve the inhibition of mxr1 to gt1 to some extent. Some researchers have shown that in the process of P Aox1 regulation, there exist many transcription factors such as activity factors, e.g. Mxr1 (Kranthi, Kumar and Rangarajan 2010) , Mit1 (Wang et al. 2016) and Trm1 (Sahu, Rao and Rangarajan 2014) , and inhibiting factors, e.g. Nrg1 (Wang et al. 2016 ) and GT1 (Zhan et al. 2016) , so mxr1 deletion may promote expression of other activity factors and finally decrease the content of glycerol in cells. Moreover, the major function of glycerol is maintaining the balance of osmotic pressure, and so cells would not take up too many glycerol molecules; therefore there may exist some other glycerol efflux proteins (e.g. Fps1 in S. cerevisiae) (Maeda, Takekawa and Saito 1995; Tamas et al. 1999) in P. pastoris to remove glycerol from cells in the mxr1 mutant to keep glycerol in balance, which would result in there being no significant different between mxr1 mutant and wild-type.
CONCLUSION
In this study, the results showed that in glycerol and glycerol plus methanol media, the expression of mxr1 could increase the expression of aox1 and inhibit the expression of gt1. The reason is that Mxr1 can bind on the P Gt1 and inhibit the expression of GT1, which would reduce the content of glycerol in cells and relieve the repression of glycerol on P Aox1 , with the inhibition of Mxr1 on GT1 depending on the glycerol content of the cells. In glycerol medium, the overexpression of Gt1 could also inhibit the expression of mxr1 and aox1, the reason being that the overexpression of GT1 would increase the content of glycerol in cells and inhibit the expression of Mxr1 and Aox1, which indicates that there exists reciprocal inhibition between mxr1 and gt1 in the process of glycerol inhibition. 
